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Introduction
serotonin neurotransmission has a link with both cognitive control and impulsivity, one of the defining characteristics of attention-deficit/hyperactivity disorder (aDhD; see for a review Cools et al. 2008 ). a main cognitive control function is the process of response inhibition, or the ability to withhold, delay, or alter an already initiated response. Response inhibition is associated with impulsivity (nigg 2000) and has therefore been extensively studied in relation to aDhD (Goos et al. 2009; Crosbie et al. 2013) . Recently, neural correlates of response inhibition have been reported as potential endophenotypes for aDhD, going beyond purely behavioural measures (Durston et al. 2006; Van Rooij et al. 2015a The World Journal of Biological Psychiatry, 2015; 16: 625-634 et al. 2008) . so far, studies are lacking on the role of HTR1B or 5HTT in the neural correlates of response inhibition, both in healthy controls and individuals with aDhD.
Given the previously found associations between serotonin genes, impulsivity, and aDhD, the goal of the current study was to investigate the role of 5HTT and HTR1B variants on the neural correlates of response inhibition, behavioural performance, and the clinically defined aDhD phenotype in a sample of adolescents with aDhD, their unaffected siblings, and healthy controls. inclusion of unaffected siblings enabled us to examine the role of familiality in the distribution of genetic risk factors as well as neural activation patterns. particularly, we aimed to assess the role of the httlpR and rs6296 polymorphisms in this sample using three methods: first, we investigated whole-brain neural activation during response inhibition in relation to these polymorphisms. second, we investigated if the httlpR and rs6296 polymorphisms were associated with aDhD diagnosis and response inhibition performance. last, we tested if these variants could explain the differences in neural activation in regions that exhibit differential brain responses in aDhD. We expected that the rs6296 and httlpR variants associated with higher impulsivity might also influence response inhibition, reflected in decreased activation in the response inhibition network, which in turn might explain variance in the aDhD phenotype.
Methods
Participants participants were part of the neuroimaGe study, the Dutch follow up of the international multicenter aDhD Genetics (imaGe) study. Details concerning informed consent, recruitment, demographics, diagnostics, and testing procedures can be found in the neuroimaGe methods publication (Von Rhein et al. 2014) . Within the current sample, we included participants with aDhD (N  184), their unaffected siblings (N  111), and healthy controls (N  124). participant demographics for our study are listed in table i.
Stop-Signal task
Response inhibition was measured using a version of the stop-signal task (logan et al. 1984 ) adapted for functional magnetic resonance imaging (fmRi; Van meel et al. 2007 ). participants were instructed to respond as quickly as possible to a go-signal by choosing the correct response out of two possibilities, unless the go-signal was followed after a short on one hand, evidence for the link between serotonin and impulsivity stems from studies of tryptophan (the 5-ht precursor) depletion. testing the effects of acute tryptophan depletion in healthy human volunteers demonstrated that tryptophan depletion increased impulsive behaviour (Walderhaug et al. 2002; Finger et al. 2007 ), but did not alter stop-signal response inhibition performance (Clark et al. 2005) . however, tryptophan depletion was shown to be associated with decreased neural activation in the response inhibition network even in the absence of altered behavioural response inhibition performance (Rubia et al. 2005) . thus, these results suggest that neural measures may offer more insight into the mechanisms underlying the influence of serotonin neurotransmission on response inhibition. also, genetic studies have indicated that impaired serotonergic transmission is associated with increased impulsivity (Winstanley et al. 2006) . a meta-analysis (Gizer et al. 2009 ) has indicated two serotonin-related gene variants as risk factors for aDhD. the first is the httlpR long allele of the 5-HTT (or SLC6A4) serotonin transporter gene. on the other hand, it is the s allele that has been associated with lower serotonin availability (heinz et al. 2000) . Genetic association studies have also shown inconsistent results for this polymorphism. the s allele of httlpR has been linked with heightened impulsivity in healthy participants (Walderhaug et al. 2010) . however, other studies have reported no association between the httlpR s allele and impulsivity (Baca-Garcia et al. 2004 ), or even the opposite effect, with increased impulsivity for carriers of the l allele (lee et al. 2003) .
the second serotoninergic genetic polymorphism implicated in aDhD in the meta-analysis of Gizer et al. (2009) is the rs6296 single nucleotide polymorphism (snp) G allele in the HTR1B serotonin receptor gene. this G allele is part of a haplotype block causing decreased HTR1B expression (Duan et al. 2003) , leading to decreased serotonin transmission (sanders et al. 2001; Conner et al. 2010) . the rs6296 G allele has been implicated in both trait impulsivity (Varga et al. 2012 ) and psychiatric disorders like depression, bipolar disorder, and substance abuse (huang et al. 2003; Conner et al. 2010; murphy et al. 2011) , suggesting a role for HTR1B in both cognition and psychiatric disease phenotypes.
polymorphisms of the serotonin transporter and receptor genes have also been linked to response inhibition performance in healthy participants (i.e., the ht1a C-1019G polymorphism and rs6296, respectively) (stoltenberg et al. 2006; Beste et al. 2011) , and, importantly, have been shown to influence both impulsivity and response inhibition performance in individuals with aDhD (oades fMRI acquisition and analysis FmRi data were collected at two sites using similar siemens scanners and identical coils and protocols, and were processed using Fsl Feat (FmRiB's software library, www.fmrib.ox.ac.uk/fsl; version 6.0). Details regarding acquisition, preprocessing and first-level analysis can be found in the si available online at http://dx.doi.org/10.3109/15622975.2 015.1067371.
Genetic effects on ADHD diagnosis and task performance
the diagnostic group factor consisted of three groups of interest, i.e., participants with aDhD, unaffected siblings, and unrelated controls. the effects of diagnosis and behavioural response inhibition were investigated using chi-squared statistics and analysis of variance respectively (see tables ii and iii).
Role of genetic variants on whole-brain activation in the combined ADHD-control sample
to investigate the effect of each genetic variant on task activation at the whole brain level, two separate higher-level analyses were conducted. an F-contrast was constructed for each polymorphism, treating the three possible rs6296 genotypes or the three httlpR genotypes as primary between-participant factor. aDhD diagnosis was entered as a second factor in order to investigate possible mediation or interaction effects. age, iQ, gender, and scan site were added as nuisance regressors in all group-level analyses. statistical inference was done after correction for multiple comparisons, thresholding at a interval by a stop-signal (25% of trials), in which case they were instructed to withhold their response. By varying the delay between go-and stop-signal, it was possible to derive the main outcome measure of the task, the stop-signal Reaction time (ssRt), which reflects the time necessary for a participant to successfully inhibit their response in 50% of the stop-trials. secondary outcome measures were the number of omission and commission (i.e., a wrong button response) errors on go-trials (errors) and the intra-individual component of variation (iCV), derived by dividing the reaction time variability by the mean reaction time over all go-trials. the task consisted of a total of four blocks of 60 trials, separated by 1-min intervals.
task outcome analyses were performed in spss (version 19.0, spss inc.), General estimated equations (Gee) regression models were used to correct for familial relations between siblings. separate regression models were executed for ssRt, iCV errors, and mRt, with age, gender, and iQ added as covariates. a significance threshold of 0.05 was entrained for all analyses.
Genotyping an extensive description of Dna extraction and genotyping of the httlpR VntR in imaGe is provided elsewhere (Brookes et al. 2006) . the rs6296 snp was genotyped using kaspar analysis at the Radboud university medical Center, details can be found in the supplementary information (si) available online at http://dx.doi.org/10.3109/15622975. 2015.1067371. 2015a) . Beta values from these Rois were exported from the individual contrast maps and subsequently used to test the effect of the three possible httlpR or rs6296 variants. We used Gee models for each Roi separately with the same predictors as mentioned above. likewise, familial relatedness was entered as a random factor to correct for nonindependence of the data. Gender, age, iQ, and scansite were added as covariates. P-values were corrected for multiple comparisons using Bonferroni-holm correction (holm 1979).
Results

Genetic effects on diagnostic status and task outcome measures
the distribution of the risk variants did not differ significantly between participants with aDhD, their unaffected siblings, and healthy controls (see table ii). no significant relations between any of the risk variants and task outcome measures were observed, nor were there any main effects of (or interactions with) age, gender, or iQ (see table iii).
Genetic effects on whole-brain fMRI activation
Both httlpR and rs6296 genotype significantly influenced the neural activation in the successful voxel-level (Z  2.3) using Gaussian random field (GRF) theory-based cluster statistics at P  0.05 (Fsl cluster; Woo et al. 2014) . post-hoc tests were performed for beta values from clusters showing significant main effects of genetic variants to specify the direction of the genetic effects and to investigate potential effects of diagnostic group. post-hoc tests were performed using Gee analyses in spss, correcting for familial dependency between siblings. additionally, correction for multiple comparisons between nodes was done using Bonferroni-holm (holm 1979) correction. additional models were run to associate the extracted beta-values with stop-task performance as well as with the number of aDhD symptoms. Besides the above-mentioned covariates, family membership was added as a between-participant factor in all above-mentioned models to account for the family structure of our data.
Sensitivity analyses
sensitivity analyses were performed using similar Gee models to investigate any potential confounding effects of age, gender, iQ, and scanner-site on whole-brain activation, together with tests investigating the potential effects of stimulant medication use and duration (as measured by self-report questionnaire and pharmacist prescription data), as well as the potential effects of comorbid oppositional defiant disorder and conduct disorder.
Genetic effects on diagnosis-sensitive task responses
to investigate genetic effects on regions that exhibit differential brain responses in aDhD, we applied 
Role of genetic effects in whole-brain fMRI activation, stop-task performance, and ADHD severity
During successful response inhibition, the right inferior/orbitofrontal area that was differentially activated for the different httlpR genotypes was also associated with ssRts (b  -0.113, c 2  9.511, P  0.002), indicating better response inhibition with increased activation in this node. Both the right inferior/orbitofrontal area and left frontal pole were additionally associated with error rates (b  0.921, c 2  6.986, P  0.008; b  0.95, c 2  9.217, P  0.002, respectively), both indicating increased error rates with higher neural activation in these clusters (see supplementary i available online at http://dx.doi. org/10.3109/15622975.2015.1067371). neural activation in the right anterior cingulate gyrus that showed differential activation for the HTR1B genotypes was negatively correlated with ssRt (b  -0.061, c 2  9.083, P  0.003) during successful inhibitions, indicating increased inhibition performance with higher anterior cingulate activation. no other significant correlations between neural activation and task performance survived correction for multiple comparisons (see supplementary i available online at http://dx.doi. org/10.3109/15622975.2015.1067371).
though no direct effect of httlpR and HTR1B genotypes on sst performance were detected, additional mediation analyses (hayes 2013) were stop-go and failed stop-go contrasts. We found differential activation for the httlpR genotypes in the left frontal pole, right cerebellum, and right inferior/orbitofrontal gyrus during successful stop trials. During failed stop trials, nodes of differential activation were found in the right inferior frontal gyrus, frontal pole, cingulate gyrus, and the brainstem (see Figure 1) . post-hoc tests indicated that in every case the effects were driven by altered neural activation in the ss genotype as compared to the sl and ll genotype; with the ss genotype showing decreased activation in the frontal nodes and increased activation in posterior nodes as compared to the other two genotypes (see table iV).
Rs6296 genotype was associated with differential activation in anterior cingulate, occipital, inferior temporal, and cerebellar regions during successful stop trials. During failed stops, inferior and superior frontal gyrus, superior parietal gyrus, occipital cortex, and precuneus were differentially active (see Figure 2) . post-hoc tests indicated that these group effects were mainly driven by the difference between the CC genotype and CG and/or GG genotype. however, the direction of these effects was inconsistent, with both increased and decreased activation for the CC genotype being observed in frontal and posterior nodes (see table iV). 
Discussion
in the present study, we investigated the effects of two genetic variants, httlpR in the serotonin transporter gene and rs6296 in the serotonin receptor gene HTR1B on response inhibition performance and its underlying neural activation patterns in a cohort consisting of participants with and without aDhD. We provide for the first time direct evidence for a genetically driven effect of serotonin transmission on the neural correlates of response inhibition. the first part of this study was to test the effects of two genetic variants within 5HTT and HTR1B on whole-brain activation during response inhibition. these analyses indicated effects of httlpR in the frontal nodes of the response inhibition network, as well as in more posterior nodes like the cerebellum and cingulate cortex. specifically, decreased neural activation was observed in individuals with the ss genotype in the right inferior frontal gyrus and frontal poles; the former is recognized as an essential node of the response inhibition network (aron and poldrack 2006; Chambers et al. 2009 ). on the other hand, increased neural activation in individuals with the ss genotype was observed in the cerebellum, cingulate cortex, and brainstem. lower activation in the right inferior frontal region was associated with decreased response inhibition performance during successful stop-trials, although lower activation in the same region as well as in the frontal pole were also associated with lower error rates on go-trials, suggesting a possible deficit in response inhibition, but an increase in general attention performance on go-trials in individuals with the ss genotype (esterman et al. 2014) .
our results indicate that the effect of httlpR on neural activation is driven by the ss genotype, which showed less activity in the frontal response inhibition nodes and more in the posterior areas. the relations between neural activation and stop-task performance further indicate that these frontal areas are directly involved in response inhibition and attentional performance; although no direct effect of httlpR genotype on performance was observed. taken together, these findings might indicate a posterior shift of neural activation in individuals with the ss genotype, possibly compensating for decreased activation of the main response inhibition network. previous studies show decreased serotonin transporter expression in individuals with the ss genotype, signaling higher serotonin availability (lesch et al. 1996; heinz et al. 2000) . these findings may indicate a relation between serotonin availability, decreased response inhibition, and increased impulsivity (Walderhaug et al. 2010) . however, this would be in conflict with the metaperformed to further explore whether the association between the neural activation and sst performance described above was mediated by the genetic variants. no evidence of mediation effects was detected. no significant associations were found between the activation in neural nodes indicated in the whole-brain analysis and either aDhD diagnosis (aDhD, unaffected sibling, or control), nor the number of aDhD symptoms, indicating no relation between aDhD status and the effects of rs6296 and httlpR on neural activation.
Influence of covariates on whole-brain fMRI activation
to investigate whether the whole-brain activation was influenced by age, gender, iQ, scan site, medication use, and comorbid disorders, several post-hoc analyses were performed. no main or interaction effects of iQ, gender, or scan-site were detected, indicating that these variables did not influence the reported genetic effects on fmRi activation. the activation in the right inferior frontal and frontal pole areas where differential effects of the httplR genotypes were observed during failed inhibitions also showed a main effect of age (b -1.197, P  0.011; b  2.637, P  0.005, respectively), indicating a general decrease of activation in these nodes with increased age. however, there was no interaction with the gene effect in the same location, indicating that both effects occur independently. no other effects of age were observed. the effects of medication were assessed by incorporating both medication use and duration of use in post-hoc analyses, as were the effects of comorbid diagnoses of oppositional defiant disorder and conduct disorder. none of the medication and comorbidity factors showed main effects or interaction withGenetic effects on differential fMRI activation between diagnostic groups the main diagnostic group contrast on neural activation during the stop-task indicated differential activation between participants with aDhD, unaffected siblings, and controls in a range of nodes in inferior and superior frontal, anterior cingulate, and temporal/parietal areas. Details regarding these Rois can be found in (Van Rooij et al. 2015a) as well as in the si. none of the multivariate tests indicated main (neither with nor without incorporation of the diagnostic effect) or interaction effects with group of rs6296 or httlpR genotypes on the neural activation in these Rois (see supplementary i available online at http://dx.doi.org/10.3109/15622975. 2015.1067371).
nosis, nor did they influence the aDhD effect on behavioural or neural measures of response inhibition. these findings therefore suggest there is no direct causal pathway between the genetic variants investigated, response inhibition, and the aDhD phenotype. Results fit within the mediational endophenotype model as discussed in the conceptual review by kendler and neale (2010) . in this model a relation exists between the genes and endophenotype, as well as between the endophenotype and disease, without a necessary relation between genes and disease. this is specifically true in case of relatively limited effect sizes, in which case the direct association between gene variance and phenotype may be overshadowed by noise, while associations with the neural endophenotype can still be observed. While in our previous publications we found support for the endophenotype to disease relation (Van Rooij et al. 2015a , 2015b , the current results support the relation between genes and the endophenotype. this illustrates how the incorporation of a neural endophenotype allows us to study potential relations between genes and disease phenotype that would otherwise be invisible.
Limitations
there may be limitations to the current study that should be taken into consideration when interpreting the results. First, we may not have missed a possible relation between serotonin-related gene variants and the aDhD phenotype since we tested only a small part of the functional variants related to the serotonin system. Recent studies have suggested that the cumulative variance across a large number of genes within a single pathway may offer additional explanatory power over the single gene variant approaches (Bralten et al. 2013) . Future research should consider a broader scope of functional gene variants across neurotransmitter systems that may be required to fully establish or dissociate the genetic links between response inhibition and aDhD. second, response inhibition and the variants httplR and rs6296 from the 5-HTT and HTR1B genes have been implicated in a wide range of psychiatric disorders including depression, bipolar disorder, anxiety, and substance abuse disorder (lesch et al. 1996; huang et al. 2003; Cho et al. 2005) . this may indicate possible shared genetic and neural underpinnings of different psychiatric disorders. the abovementioned findings suggest that diagnostic boundaries between psychiatric disorders may not necessarily represent underlying genetic mechanisms (lee et al. 2013 ); and the current findings suggest that the use of neurobiological constructs may provide more specific targets for genetic studies than diagnostic phenotypes.
Future studies should take these limitations into consideration, and aim to broaden the scope of both analytic findings marking the l carriers of the httlpR as an aDhD risk-group, given that decreased neural activation in frontal nodes during response inhibition has usually been associated with aDhD severity, including in the current sample (Van Rooij et al. 2015a) , although a study also reported an association between the s allele of the httlpR and adults with aDhD (landaas et al. 2010) . another study compared different types of impulsivity paradigms in rats, demonstrating that tryptophan depletion may influence reactivity on gotrials, but not stop-signal reaction times in a go/ no-go task. this indicates that while the delay discounting aspect of impulsivity may have been affected, response inhibition was not (eagle et al. 2009 ). these findings may explain our current effects of httlpR on neural activation, which showed opposite effects on neural activation levels, error rates, and ssRts. this dissociation between different aspects of impulsivity will need to be further investigated to fully understand the relation between serotonin, impulsivity, and aDhD.
the effect of rs6296 showed a similar distribution across frontal-parietal, occipital, and cerebellar nodes, equally indicating relatively widespread differential activation. the GG genotype, considered an aDhD risk factor (Gizer et al. 2009 ), showed increased activation in occipital, temporal/parietal, superior frontal, and cingulate regions, with decreased activation in cerebellar and inferior frontal areas. of those, activation in anterior-cingulate regions was significantly associated with ssRt length, indicating higher activation levels correlated with better inhibition performance. temporal parietal, superior frontal, and cingulate regions have all been implicated in attentional control and action monitoring processes necessary for response inhibition (Bekker et al. 2005; Fassbender et al. 2006; van meel et al. 2007) . in addition, previous studies have suggested the involvement of a separate frontal-thalamo-cerebellar pathway involved in inhibitory control (Rubia et al. 2007) . the current results may suggest decreased activation in the frontal-cerebellar pathway in G allele carriers, compensated by increased activation in attentional of topdown control areas. We postulate that the utilization of compensatory or alternative strategies using attention resources may explain the lack of direct effects of rs6296 on stop-task performance.
in the second part of the study, we investigated whether variants in the 5HTT and HTR1B genes were associated with aDhD diagnosis, response inhibition, or whether previous outcomes detailing the influence of aDhD on neural activation during response inhibition were related to variants in the 5HTT and HTR1B genes. We found that the httlpR and rs6296 variants were not associated with aDhD diag-genetic variants and phenotypes incorporated in these studies.
Conclusions
to summarize, whole-brain analysis of neural activation indicated a broad pattern of differential neural activation in frontal-parietal, cerebellar, and occipital areas during response inhibition associated with httlpR and rs6296. activation in these nodes was related to response inhibition performance, but independent of aDhD diagnosis and severity. these results demonstrate the effect of the httlpR and rs6296 variants on the behavioural and neural correlates of response inhibition. since there were no direct associations between the genetic variants and task performance, neural correlates may be a more sensitive measure of genotype effects than solely behavioural or clinically defined phenotypes.
